To characterize a diheme cytochrome c 4 of unknown functional of the Vibrio genus for the first time, the Vibrio parahaemolyticus cytochrome c 4 was overexpressed in Escherichia coli periplasm using the endogenous signal sequence. The physicochemical properties of the purified recombinant protein, viz., molecular mass, UV/Vis, and CD spectra, and the redox potentials of the N-and C-terminal domain hemes were determined.
Bacterial respiratory chains are composed of a variety of electron transport constituents, such as flavoproteins, ironsulfur proteins, quinones, and cytochromes (cyts), and the constituents of the system differ with the kind of microorganisms. 1) In the case of mitochondrial respiratory chains, only cyt c functions as an electron carrier between the cyt bc 1 complex and terminal aa 3 -type cyt c oxidase. On the other hand, electron transfer between the cyt bc 1 complex and the various terminal oxidases in the bacterial respiratory chain are predicted to be performed not only by cyt c but also by other monoheme and diheme c-type cyts, but the protein interaction between these electron carrier proteins has scarcely been elucidated. Cyt c 4 is a diheme c-type cyt, composed of two globular domains (the N-terminal domain and the C-terminal domain), each with heme-iron Met-His axial coordination, 2, 3) and is distributed in some genera of proteobacteria. To date, cyts c 4 from the acidophilic Thiobacillus ferrooxidans, 4) the soil bacterium Azotobacter vinelandii, 5) the marine bacterium Pseudomonas stutzeri, 6) and the purple sulfur photosynthetic bacterium Thiocapsa roseopersicina 7) have been purified and characterized. It has been reported that T. ferrooxidans cyt c 4 functions as an electron carrier between copper protein rusticyanin and aa 3 -type cyt c oxidase, 8) but in other bacteria that have no rusticyanin, the function of this protein has been not yet determined.
Vibrio parahaemolyticus is a gram-negative facultatively anaerobic halophilic bacterium. Although the complete genome sequences of V. parahaemolyticus strain RIMD2210633 have been published 9) and various metabolic process can be predicted using this information, its respiratory electron transfer chain remains poorly understood. Vibrio genera have the gene of diheme cyt, annotated cyt c 4 , and do not contain the gene of rusticyanin in their genome DNA. Considering that the type of the terminal oxidase of the Vibrio genera is the cbb 3 -type, the mechanism of protein interaction between cyt c 4 and terminal oxidase is predicted to be different from that of T. ferrooxidans cyt c 4 and terminal oxidase. Here, to characterize V. parahaemolyticus cyt c 4 (VPc4), we expressed VPc4 in Escherichia coli and characterized for the first time the physicochemical properties of the cyt c 4 from a facultatively anaerobic bacterium.
The gene encoding VPc4 (GenBank Accession no. BA000031) was amplified from V. parahaemolyticus strain RIMD2210633 genome DNA using two primers: Vpc4-NdeI, 5
0 -ACCCATATGAAGAAATTA-GCGCTAATTTTG-3 0 , and Vpc4-BamHI, 5 0 -AAAGG-ATCCTCAGTGCAGACCGCCAACGTA-3 0 . The product was cloned in the Nde I-Bam HI site of pET22b (þ) (Novagen, Madison, WI, USA) to construct plasmid pET22bVPc4. For overproduction of VPc4, the expresy To whom correspondence should be addressed. Tel/Fax: +81-466-84-3950; E-mail: oku@brs.nihon-u.ac.jp Biosci. Biotechnol. Biochem., 72 (10), [2791] [2792] [2793] [2794] 2008 Note sion vector was co-introduced with pSTV28ccmA-H into E. coli BL21 (DE3).
10) The cultures were grown for 48 h at 125 rpm at 30 C. Cells were harvested by centrifugation at 6,000 rpm. Periplasmic extraction was performed as described previously.
11) The periplasmic suspension was fractionated with ammonium sulfate (30-70% saturation). The precipitate was dissolved and dialyzed against 10 mM acetate buffer (pH 4.0). The dialyzed sample was centrifuged at 10,000 rpm, and the supernatant was collected. The supernatant was dialyzed against 10 mM Tris-HCl buffer (pH 7.0), and was applied to a HiTrp Q XL column (GE Healthcare Bio-science, Piscataway, NJ, USA) (5 ml) equilibrated with the same buffer. The proteins were eluted using a liner gradient of NaCl (0-350 mM) in 10 mM Tris-HCl buffer (pH 7.0), and the fractions of VPc4 were collected. VPc4 was dialyzed against 10 mM Tris-HCl buffer (pH 8.0), and was applied to a HiTrp Q XL column (5 ml) equilibrated previously with same buffer. VPc4 was eluted using a liner gradient of NaCl (0-350 mM) in 10 mM Tris-HCl buffer (pH 8.0). The sample obtained by this chromatography was used as purified recombinant VPc4. The final yield of purified recombinant VPc4 was approximately 0.1 mmol (2.12 mg)/l. This expression yield was a little higher than that of recombinant Pseudoalteromonas haloplanktis cyt c 4 (0.08 mmol (1.66 mg)/l).
12) The N-terminal amino acid sequence of VPc4 was determined to be QGNIEAGKAKSQT, cleaved at the Nterminal 18 amino acid residues, by amino acid sequence analysis using a Perkin Elmer Biosystems model Procise 49X HT protein sequencer (Fig. 1) . This results indicates that the N-terminal 18 amino acid residues functioned as a periplasmic signal sequence. The protein consisted of 187 amino acids and two c-type hemes, and its molecular mass was calculated to be 21,167 Da. This value is in agreement with that obtained by SDS-PAGE analysis. In addition, the results of MALDI-TOF mass spectrometry using an Applied Biosystem 4800 plus MALDI-TOF/ TOF analyzer of the protein was closely in agreement with the theoretical value. Based on these results, VPc4 was confirmed to be the covalent attachment of the two c-type heme groups to the protein.
The optical spectra of VPc4 were measured with a Hitachi U3310 spectrophotometer (Hitachi, Tokyo) ( Fig. 2A) . In the reduced form, the -, -, (soret)-, and -absorption maxima peaks appeared at 552.0 nm, 523.0 nm, 416.0 nm, and 316.0 nm respectively, and the ratio of the -peak and the -peak (=) was 1.12. The = ratio of cyt c 4 is lower than that of the other c-type cyts. This lower ratio is one of characteristics of diheme cyts c 4 . For the oxidized form of VPc4, the absorption maxima peaks of þ , (soret), and were 526.0 nm, 411.0 nm, and 360.0 nm respectively, and a shoulder peak at 697.0 nm, indicating His-Fe-Met coordination, was observed ( Fig. 2A inset) . In addition, the shoulder at 630 nm suggests that a high spin component was also present (Fig. 2A, inset) . The high spin component has been observed in other cyts c 4 4-7) and is derived from N-terminal domain heme, which is engaged in low-and high-spin equilibrium. 13 ) Figure 2B and C shows the soret band of oxidized VPc4 in a pH range of 7.0-0.5. The soret band was shifted from 411.0 nm to 395.0 nm, and the two places of the isosbestic point of VPc4 were observed. This blue shift is indicative of conversion of the heme toward the high-spin form with disruption of heme six coordinate. The first isosbestic point at 402.0 nm appeared in a pH range of 7.5-4.0, and a second isosbestic point at 400.8 nm was found in a pH range of 3.6-0.5. Considering that N-terminal domain heme is a mixture of low-and high-spin forms in equilibrium, this result suggests that a disruption of the N-terminal domain six coordinated occurs in a pH range of 7.5-4.0 and that disruption of C-terminal domain six coordinate occurs at pH <3:6.
The circular dichroism (CD) spectrum of VPc4 was recorded with a Jasco J600 spectropolarimeter (Jasco, Tokyo) (Fig. 3A) . The CD spectrum of VPc4 showed negative bands at 208 nm and 222 nm, and the -helical content was estimated to be 45.6% the basis of an ellipticity of À32;000 deg cm 2 /dmol for 100% helicity.
14)
This -helical content of the protein closely approximates those of P. stutzeri (47%) and T. ferrooxidans (50%) cyts c 4 .
2,3)
Redox titrations were performed as described previously.
10) The redox data were analyzed with a theoretical curve based on the Nernst equation. The data points were fitted by a superposition of two n ¼ 1 Nernst curves using E (Fig. 3B) . These redox potentials are equal to those of other cyts c 4 , which have a characteristic high redox potentials of approximately 200 mV and 300 mV. [4] [5] [6] [7] The biological function of VPc4 has been not yet determined, but the high redox potentials are indicative of a position close to the cbb 3 -type terminal oxidase, because the redox potential of the terminal oxidase was higher than that of cyts c 4 . 15) In this study, we expressed a VPc4 of unknown function in E. coli, and determined physicochemical properties of the protein such as molecular mass, UV/ vis, and CD spectra, and the redox potentials of the N-terminal and C-terminal domain hemes. This might facilitate the elucidation of the bacterial respiratory electron transfer chain and its regulation. A, absorption spectra of 4 mM cyt c 4 were measured in 10 mM sodium phosphate (pH 7.0) at 25 C. The inset shows the 700 nm band of the oxidant form at 40 mM. Sodium dithionite and potassium ferricyanide were used as oxidant and reductant, respectively. B and C, absorption spectra of 2 mM oxidized cyt c 4 were measured in 20 mM buffers of different pH values between 7.5 and 0.5 at a constant ionic strength 100 mM (NaCl). The buffers were Tris (pH 7.5 and 7.0), MES (pH 6.5-5.5), acetate (pH 5.0-4.0), citrate (pH 3.6-2.6), and glycine (pH 2.4-0.5). Fig. 3 . Circular Dichroism Spectrum (A) and Redox Titration (B) of Recombinant VPc4. A, CD spectrum was recorded at 25 C in 10mM sodium phosphate buffer (pH 7.0) with a Jasco J600 spectropolarimeter using 1-mm path length rectangular quartz cuvettes. B, The redox state of the protein was determined by changing the -band absorption spectrum (552.0-558.6 nm) using a Hitachi U-3310 spectrophotometer. The smooth curve was drawn by the Nernst equation giving the best fit to the data using a Sigma Plot program.
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